In this paper, we study the mechanisms of growth of Ag nanoclusters in a solid Ar matrix and the emission of these nanoclusters from the matrix by a combination of experimental and theoretical methods. The molecular dynamics simulations show that the cluster growth mechanism can be described as "thermal spike-enhanced clustering" in multiple sequential ion impact events. We further show that experimentally observed large sputtered metal clusters cannot be formed by direct sputtering of Ag mixed in the Ar. Instead, we describe the mechanism of emission of the metal nanocluster that, at first, is formed in the cryogenic matrix due to multiple ion impacts, and then is emitted as a result of the simultaneous effects of interface boiling and spring force. We also develop an analytical model describing this size-dependent cluster emission. The model bridges the atomistic simulations and experimental time and length scales, and allows increasing the controllability of fast generation of nanoclusters in experiments with a high production rate.
I. INTRODUCTION
Arguably, the most prototypical nanoscience object possible is the single pure nanocluster. This is the structure that has quantum confinement in all three dimensions, and can be used to examine basic nanoscience effects [1] [2] [3] [4] [5] [6] [7] . Moreover, the extensive surface area to volume ratio in nanoclusters makes them attractive for catalytic and gas sensing industrial applications. New technologies based on the use of nanoclusters and nanoparticles are continually becoming available in contemporary industry [8] [9] [10] [11] . The mass production of pure nanoclusters, however, is hindered by a low rate, which cannot be currently upscaled from the laboratory condition to industrial needs due to physical limitations.
Very pure nanoclusters can be synthesized in gas-phase condensation sources [12] [13] [14] [15] , which are known for a rather low production rate. Thus, mostly the current practical applications rely on nanoparticles made by chemical or lithographic means [16] [17] [18] , as these can be produced efficiently on an industrial scale.
In our recently developed setup, the Matrix Assembly Cluster Source (MACS) [19] [20] [21] [22] , we demonstrate the possibility of scaling up of the production rate of nanoclusters via solid-state clustering. The method is based on the assembly of the metal clusters within a condensed gas matrix held at cryogenic temperatures, which are then sputtered by an Ar ion beam. The experiments show that the size of the obtained Au and Ag nanoclusters can be tuned from a few atoms to a few thousand atoms. However, from the experiments it is not clear what the fundamental physical processes underlying the new efficient cluster production process are, making further development and optimization of the process difficult.
To enable a controlled emission of large metal clusters from an Ar matrix, it is crucial to understand both how the clusters form within the matrix and how they are emitted from the matrix.
The sputtering phenomenon of metal or metal alloys (e.g., for thin-film growth) has been extensively studied both computationally and experimentally [23, 24] . However, if a metal nanocluster is embedded in a gas condensed matrix, the process of sputtering may proceed differently. The main difference here is that the metal-inert gas matrix sputtering depends on (i) the cohesive energy of the solid gas; (ii) the cohesive energy of the metal; (iii) the concentration and distribution of the metal atoms inside the matrix due to initial metal load condition; (iv) the interaction between gas atoms and the metal atom; and (v) the temperature of the matrix. We note, in particular, that metals have much higher cohesive energies compared to an inert gas material such as Ar. This leads to sputtering yields of inert gas matrices several orders of magnitude higher than that of a metal target for the same impact energy [19, 25] . Here we also note that there is another mechanism, which is known to enhance dramatically sputtering yields of materials. This is the so-called thermal (or heat) spike sputtering [26] from liquidlike regions of very high transient temperature (∼10 000 K), which are induced in dense materials by energetic incoming ions [27] [28] [29] [30] . If such a thermal spike develops near the surface, the sputtering yield can grow several orders of magnitude [31] . These short-lasting heat spikes may also cause major atom redistribution in the irradiated material [32] .
In this paper, we use molecular dynamics (MD) simulations combined with analytical models to explain the efficient production of large metal nanoclusters, which we obtain in the MACS experimental setup. We study step by step the growth and distribution of Ag nanoclusters in the Ar matrix, as well as the subsequent emission of Ag nanoclusters from the Ar matrix. The processes considered were broken down into two stages: clustering and emission. Our simulations show that clustering of metal atoms enhanced by the thermal spike initiated in the Ag-rich Ar matrix by the incoming Ar ions is the predominant growth mechanism of Ag clusters. Moreover, we show that conventional sputtering mechanisms cannot explain the formation of large clusters. Instead, their emission process proceeds by boiling of the interface between the Ag cluster and the matrix, and that a matrix spring-force effect completes the emission.
II. METHODS

A. Experiments
The experiments were carried out using the upgraded MACS developed at the University of Birmingham. The system is operated at UHV condition with a base pressure below 10 −8 mbar. The key components include (a) the cooling system-a closed-cycle cryocooler providing the cooling power for the condensation of the matrix; (b) the evaporator-a high-temperature (up to 2000 • C) effusion cell (with a crucible size of 10 cc) to evaporate atoms of the cluster material into the matrix; (iii) the ion source and ion optics-a high flux ion source with maximum output current of 4 mA; and (iv) the (cooled) matrix condensation support-a 1 × 1-in. copper plate. The metal concentration in the matrix is determined from the evaporation flux (monitored by a quartz crystal microbalance) and Ar atom deposition rate (monitored by the gas pressure in the chamber). Clusters produced in the MACS are analyzed using an aberration-corrected scanning transmission electron microscope (STEM) (JEOL 2100F). The flux of clusters produced is obtained (by STEM) from the density of clusters deposited on the substrate within a certain time. The sizes of the clusters are measured from the integrated high angle annular dark field (HAADF) intensity compared with the HAADF intensity of single atoms as a reference.
B. Simulation
In the current paper, we have performed MD simulations aiming at two goals: (i) to understand the growth mechanism of Ag nanoclusters in the solid Ar matrix and (ii) to determine what mechanisms drive the emission of large individual Ag nanoclusters embedded in the matrix. To achieve the two goals, we performed two different kinds of simulations, which we denote S1 and S2. In simulation type S1, we examined multiple subsequent Ar ion impacts on the cryogenic Ar matrix loaded with Ag atoms with different concentrations. Since formation of a single, individually positioned nanocluster is beyond the reach of a classical MD method, which was used in the current paper, we performed a series of simulations of a single Ar ion impact on the Ar matrix containing an individual Ag nanocluster to investigate the details of the emission mechanism (simulation type S2).
All simulations were conducted by using the classical MD code PARCAS [30, 33] . We used the embedded atom method (EAM) potential [34, 35] to model Ag-Ag interaction and the Lennard-Jones potential [36] to describe the Ar-Ar interactions. Both potentials reproduce the values of cohesive energies sufficiently close to experimental data [37] . To describe the Ar-Ag interaction, we used the pair potentials obtained directly from density functional theory calculations, according to the approach described in [38, 39] . This approach gives both the high-energy repulsive and attractive part of the potential directly. For the Ar-Ag interaction, it gives a weak van der Waals-type attraction, as expected for noble gas-metal interactions.
For the type S1 multiple ion impact simulations, we constructed the simulation cell consisting of 512 000 atoms organized in the fcc lattice. The size of the simulation cells is about 208 × 208 × 416Å initially. The three different simulation cells with the Ag loads of 5, 10, and 20 at. % were prepared as follows. The amount of Ar atoms corresponding to the given Ag load were replaced in the simulation cell by Ag atoms. All replaced atoms were selected at random uniformly to ensure the uniform Ag load of the Ar matrix. After that the system was relaxed in the isothermal-isobaric ensemble with periodic boundaries in all dimensions, at 10 K and zero pressure for 50 ps. The relaxation led to slightly modified cell dimensions depending on the load of Ag atoms. After that, the open surface on top and fixed atomic layers within 10Å at the bottom allowed us to take into account the surface effects in the simulations. The bottom atoms were fixed to avoid the movement of the entire cell due to the momentum introduced by the incoming ion. The open surface was relaxed by running simulations in the canonical ensemble used for 10-Å thick layers right above the fixed bottom and the periodic boundaries in x and y dimensions for 15 ps.
For simulations of type S2, we prepared cells without an Ag load initially. For these simulations, we prepared an amorphous Ar structure in order to represent the Ar matrix amorphized by ion impacts. We heated the Ar crystal cell with periodic boundaries in all directions to the gas phase in the isothermal-isobaric ensemble at the pressure of 1 bar for 100 ps and then froze it back to 10 K at zero pressure. The final structure was completely amorphous with very small crystalline phases. After we opened the surface and performed additional relaxation as in the simulations S1, the size of the cell changed only negligibly due to surface relaxation only. This cell was used for the single ion impact simulations after the nanocluster was embedded in it. The size of this cell was 216.4 × 216.4 × 162.3Å. In this cell of the pure Ar amorphous structure, we embedded Ag nanoclusters of three different sizes: 236, 466, 1024, and 2046 atoms, at the distance of 10Å below the open surface, but in the middle of the cell in the lateral directions. After the nanocluster was inserted, the simulation cell was additionally relaxed during 100 ps. This cell was used for the single ion impact simulations after the nanocluster was embedded in it.
To simulate the interaction of energetic ions with the prepared matrices, we applied a standard technique used broadly in modeling of radiation effects in materials by MD methods [30, 40] . These simulations are run in a quasimicrocanonical ensemble, to avoid the artifacts in the cascade development: the cascade is developed in the microcanonical (NVE) ensembleno scaling of atom velocities is applied-however, in the narrow regions near the borders of the simulation cell, where atoms are not involved in the cascade, the temperature is controlled by applying the Berendsen thermostat [41] . In this manner, we can take into account the heat dissipation to the infinite bulk material. In our case, it was 15Å from the border of the simulation box in the x and y directions and the atoms within 10Å above the fixed bottom layers in the z direction. This sputtering simulation approach has been proven to give results closely comparable to the experiment [42] .
To simulate ion impacts in simulation type S1, an Ar atom was initially placed at (0, 0) position laterally, and at 8Å above the highest point of the open surface with the fixed kinetic energy. The angle of incidence was set to be 7 • off the normal to the surface. Each sputtering event was simulated for 150 ps. In multiple subsequent impact simulations, the simulation cell was shifted horizontally with a random vector (x, y) after each cascade to imitate a random position of entrance of the following ion. The sputtered atoms, which do not affect the cascade simulations, were removed from the simulation box.
In simulation type S2, i.e., nanocluster emission simulations, the statistical uncertainty was taken into account by running ten independent simulations with different initial velocities of the atoms in the cell and initial ion positions randomly selected at the distance of 8Å from the surface within the circle of 10Å in diameter above the nanocluster. The temperature was controlled only within the narrow regions near the borders as described above.
In our simulations, we have also used the binary collision approximation (BCA) code, CASWIN [43] , which was modified to account for the required geometry of the embedded nanocrystals. In these simulations, the interaction between the incoming ion and amorphous matrix is calculated using the universal Ziegler-Biersack-Littmark (ZBL) repulsive potential [44] . Electronic stopping is implemented in the code similarly to the implementation in PARCAS as the function of the atom velocity, dE/dx(v). The stopping was obtained from [45] and applied to the atoms with the energies greater than the cutoff energy ∼5 eV. In these simulations, we placed Ag nanoclusters with different diameters (from 2 to 8 nm) right below the surface, to imitate the geometry assumed in the analytical model (see Sec. V). The Ar ions with the energy of 1 keV entered the surface of the matrix at the lateral center of the nanocluster. All the energy, which was transferred in nuclear collisions within the nanocluster below the displacement threshold, E d , was recorded as the nuclear deposited energy. We also recorded all the electronic energy losses by the energetic atoms within the nanocluster. We note here that, in principle, the amount of the nuclear deposited energy should depend on the value of the displacement threshold E d . However, we tested this in the reasonable range of values E d (Ag) = 15-25 eV, and we did not find significant difference in the final temperature of the nanocluster, which is important for the conclusions of the present paper. Here we present only the results obtained with E d (Ag) = 25 eV and E d (Ar) = 5 eV. The results were averaged over 10 000 simulations for each case, with the error bar (standard error of the mean) not exceeding 1 eV.
III. EXPERIMENTS
The present experiments are designed to provide efficient emission of large nanoclusters from a solid matrix by ion sputtering. The MACS [19] is designed to produce efficiently large size Ag nanoclusters (tens of atoms upwards) by energetic ion sputtering of a cryogenic Ar (or slightly warmer CO 2 [20] ) matrix, preloaded with metal atoms, in a reflection [21] or unconventional transmission geometry. An illustration of Ar + impacts in the applied geometry is shown in Fig. 1 . The Ar matrix-which is only a thin layer on the inside of the holes in the Cu grid on which the Ar is condensed-is subjected to the Ar ion irradiation in the transmission regime in the present case. In this way, only the nanoclusters formed/located close to the rough surface can be emitted.
In the MACS source, the matrix is condensed on a support mounted on a closed-cycle cryocooler, while evaporation of Ag to load the matrix is performed in a high-temperature effusion cell. A quartz crystal microbalance in front of the evaporator allows for accurate control of dose rate to obtain well-defined metal concentrations. To drive the cluster formation and subsequent cluster emission, we used energetic Ar ions impacting on the cold Ar matrix. The ions were generated in a high flux ion source with a specially designed ion optical system to focus the ion flux onto the matrix.
The Ag clusters were deposited on amorphous carbon films and characterized by atom counting [46, 47] in the aberrationcorrected STEM, operating in HAADF mode. The images of the Ag clusters, which we obtained from the matrices with metal concentration ranging from 0.6 to 3.2 at. %, are shown in Figs. 2(a)-2(d). The insets show the atomic resolution of nanoclusters randomly selected from the corresponding sets of nanoclusters. The sizes of the clusters generated by the matrix and the deposition rate are plotted in Fig. 2(e) as a function of metal concentration. The size of a cluster is obtained from its integrated HAADF intensity compared with the HAADF intensity of single atoms on the same support. The cluster deposition rate (the total number of nanoclusters landed on the deposition substrate per unit time) is derived from the cluster density in the images. Figure 2 shows two main results: (i) the mean cluster size increases monotonically with metal concentration in the matrix and already exceeds 1000 atoms when the concentration is only ∼3%; (ii) the cluster deposition rate decreases monotonically as the metal concentration and cluster size increase. With regards to result i, we note that the sputtering yield of an Ar matrix subject to Ar ion sputtering at 1 keV is about 1000 atoms [25] , so a homogeneous concentration of 3% metal atoms should yield a cluster only about 30 atoms in size in a single ion impact event, which is not consistent with the much larger clusters observed. This is why we turn to computer 066002-3 simulation to understand the key mechanisms leading to cluster growth and emission at cryogenic temperatures.
IV. SIMULATIONS
A. Thermal spike enhanced clustering
To determine the process by which Ag clusters can grow in an Ar matrix under ion bombardment, we first used simulation type S1 to run 200 Ar ion irradiation events for each Ar matrix with 5, 10, and 20 at. % of Ag content. Since the Ag-rich Ar matrix is constantly kept at 10 K, the equilibrium diffusion process of Ag atoms cannot be expected to be the driving force of the segregation process. Our simulations show that in the cascades developed in the irradiated matrix the heat spikes develop where the temperature can be as high as 10 000 K, which is sufficient to induce the local boiling of Ar atoms. These heat spikes can enhance mobility of the Ag atoms in the Ar matrix. Since the Ag-Ag bond is about two orders of magnitude stronger than the Ar-Ar and Ar-Ag van der Waals bonds, any Ag atom that happens to meet another one in the random walk in the boiling Ar matrix within the heat spike is very likely to stay attached to it. This leads to the onset and growth of Ag clusters. Moreover, as shown in Fig. 3(a) , the average size of the Ag clusters in all three matrices increases as a function of the number of sequential Ar ion impact events in the simulations. In the case of the 20-at. % Ag concentration, the growth saturates by the formation of a continuous foamlike network, as illustrated in Fig. 4(a) . For the 5-and 10-at. % Ag concentrations, the cluster growth continues throughout the MD runs. For even larger numbers of incoming ions, corresponding to the experimental fluences, growth of large clusters can thus be expected.
By examining the ion impact events and the subsequent sputtering process closely, we found that most of the atomic clustering events indeed happened in or near the thermal spike. An example of a sputtering event is shown in Fig. 4 (b) (see Supplemental Material, movie S1 [48] ). In Fig. 4(b) , the Ag atoms shown in cyan color are those which were displaced by more than 5Å. As one can see, they all originated from the region near to the initial Ar ion impact point, spike now have a chance to assemble into larger clusters in the liquid Ar matrix.
It is also worth noting that the production efficiency is not always positively correlated with the concentration of Ag in the matrix. The reason becomes obvious after examining the 20-at. % Ag sample after 200 impact events, as shown in Fig. 4(a) . In the near-surface region of the matrix, upon the thermal spike clustering, a foamlike continuous Ag structure is formed. This structure will prevent further erosion by sputtering. As the sputtering yield of a pure Ag target responding to 1-keV Ar ion impact is less than 10 [24] , only a cloud of Ag and Ar atoms will be emitted from this matrix. This also leads to the conclusion that the steady-state emission of Ag clusters requires that the Ag clusters must first grow within the matrix on a distance from one another and only after that be sputtered as a whole cluster.
To summarize the results from simulation type S1, atom motion enhanced by energetic-ion induced heat spikes can explain how metal clusters grow in an Ar matrix, but also that large metal clusters cannot be sputtered by a normal collision cascade mechanism. Hence we turn next to the question of how they can be emitted, using simulation type S2. Sputtering from dense nonlinear cascades (i.e., heat spikes) can also lead to cluster emission. However, the probability of cluster emission decreases strongly with cluster size [49] [50] [51] , which is not consistent with the observations from the MACS experimental results. Hence we have to seek another mechanism of metal cluster emission in the MACS process.
B. Interface boiling and spring force effect
As we discussed in the previous section, for a large Ag cluster to be sputtered out of the matrix, it is necessary that the cluster is well isolated from the other surrounding Ag clusters. Sputtering from dense nonlinear cascades (i.e., heat spikes) can in principle lead to cluster emission. However, the probability of cluster emission decreases strongly with cluster size [49] [50] [51] , which is not consistent with the observations from the MACS experimental results. Hence we have to seek another mechanism of metal cluster emission in the MACS process.
Here we use simulation type S2 with a model system of a single spherical Ag cluster embedded in the Ar matrix to study the emission mechanism. The Ag cluster, which would be produced in practice by multiple ion impact events, is placed about 1 nm below the Ar surface. As shown in Fig. 5 , within the first 1 ps, after the collision the Ag cluster is melted and then rapidly cooled down below 1000 K. The process is illustrated in Fig. 6, by showing a series of cross sections of the simulation cell frames at several subsequent times. The results show that the Ag cluster detaches from the Ar matrix by boiling of the Ar layer at the interface with the metal cluster. Moreover, the momentum of the Ar ion is transferred to the Ag cluster, leading the entire cluster to gain a momentum directed towards the bulk of the matrix. This in turn will initially compress the matrix. This compression is released in the form of an elastic spring force, which brings the cluster back to the surface still in the warm state (hence not bound to the cryogenic matrix). Furthermore, the entire process of cluster emission from the matrix can occur only within a given time window, i.e., before the system freezes again. For a given sputtering energy, the average duration of the time window for the cluster detached from the matrix is dependent on the cluster size, the energy initially deposited into the cluster, and the initial depth of the cluster. Clusters smaller than the volume of the thermal spike are most likely to move towards the underdensified region of the thermal spike, and this effect may be stronger than the spring force. On the other hand, clusters which are too large will have a very short time window to "escape" from the matrix before the hole above the cluster is filled in by Ar atoms flowing back from the sides. More simulations were performed for different sizes of Ag clusters: Ag 236 , Ag 466 , and Ag 2046 . As shown in Fig. 5(b) , the averaged temperature evolution curves [the same curve as the solid red line in Fig. 5(a) ] are plotted for the first 0.5 ps. The plot shows that the initial temperature of the Ag clusters increases with decrease of the cluster size, while the cooling rate of the small clusters is also larger. However, the highly stochastic nature of the collision cascade processes prevents the use of MD simulations to derive statistically reliable conclusions about the interplay of these emission processes. Thus we further develop an analytical model to describe the process of cluster emission quantitatively. 
V. ANALYTICAL MODEL OF EMISSION
In order to describe the cluster emission process as a function of the cluster size, we develop an analytical model to predict the duration of boiling of the interface. A schematic illustration of the model is shown in Fig. 7 . The whole process can be broken down into two parts: energy deposition and thermal transmission. The form of the distribution of the energy deposited by the Ar ion into the matrix is considered as Gaussian [52, 53] : where E eff is the effective deposited energy which is fitted from the Gaussian distribution. Since the distribution of the deposited energy has a hemiellipsoid shape, E eff is two times greater than the energy of the ion. a and b are the standard deviations in lateral (x and y) and perpendicular to the surface (z) directions, respectively. Here we assume that a = b for the low ion energy region, where cascades are roughly spherical. We use
where α Ar and α Ag are the standard deviation of the deposited energy distribution in pure Ar and Ag target, respectively; these are fitted to binary collision approximation the Transport of Ions in Matter (TRIM) simulations [45] with 10 6 irradiation events. For a 1-keV Ar ion, the values of α Ag and α Ar are 10.4 and 47.4Å, respectively. In order to have a smooth transition from α Ag to α Ar at the Ag-Ar interface, we describe the transition region as a Fermi-Dirac-like function. i c represents the three-dimensional coordinates of the center of the cluster, (x c , y c , z c ), and i represents the coordinates of a given point in the matrix. μ is a fitted parameter to describe how sharp the transition is.
From Eqs. (1) and (2), one can obtain the total deposited energy by integrating over the cluster volume V:
We can then derive the initial temperature of the clusters, T Ag (r,t 0 ) = E p /(3Nk B ), as shown in Figs. 8(a) and 8(b) , where N = ( 4 3 πr 3 )/V is the number of Ag atoms, V being the average volume of a Ag atom. We also compare this analytical model with the classical BCA code CASWIN [43] implemented for the nanocluster geometry. The BCA approach allows for a much more efficient way of calculating the initial energy deposition profile during ion irradiation than MD, and thus enables us to obtain very good statistics. As shown in Figs. 8(a) and 8(b), the deposited energy and initial temperature are in a good agreement between the two methods. The increase of the cluster size allows for more energy to be received by the nanocluster directly, this is why the curve in Fig. 8(a) is rapidly increasing. However, it tends to saturate when the size of the developing cascade becomes comparable to the size of the nanocluster. The fast heat conduction inside the metal nanocluster allows for the assumption that the deposited energy becomes uniformly distributed within the cluster practically instantaneously. Therefore, knowing the deposited energy within the Ag nanocluster, we can estimate its initial temperature, which rapidly decreases from 1.0-to 4.0-nm radius, as shown in Fig. 8(b) .
From the initial temperature of the Ag atoms, we can further calculate the temperature evolution of the interface based on a series of differential equations describing the thermal flow:
dT
where T Ag , T n ArAg , and T Ar are the temperatures of the Ag cluster, and the superscript n denotes the nth layer of interfaces (n = 1,2,3 in our system of equations) and the Ar matrix [see Fig. 7(b) ]. The distance d = 1 nm is the thickness of layers and D = 10 nm is the thickness of the outermost Ar matrix. N X is the number of atoms of type X in the corresponding layer. It is known that the thermal conductivity, λ, of solid Ar depends on the temperature, which can be fitted from the simulation data [54] . As shown in Fig. 8(c) , the temperature of the innermost interface between the Ag cluster and Ar matrix [T 1 ArAg in Eq. (4)] evolves differently depending on the size of the clusters. The physics behind this can be explained by the balance between the initial temperature of the cluster and the interface area. A larger cluster receives a higher total deposited energy, but it also has a much larger interface area which promotes cooling. On the other hand, a small cluster with extremely high initial temperature will cool down fast by the surrounding matrix and mainly follow the thermal spike movement. Therefore, only medium sized clusters, around 1.5-2.0 nm in radius (3-4 nm in diameter), have the suitable ratio of sufficiently high deposited energy and total area of the interface to enable their sputtering. As shown in Fig. 8(d) , with 1-keV ion energy, the maximum duration for the temperature of the interface to stay above the boiling point of the Ar matrix is reached if the size of the cluster is around 2 nm in radius.
VI. CONCLUSION
In this paper, we have explored the formation and emission mechanisms of Ag clusters from an Ar matrix under Ar ion bombardment. Using molecular dynamics simulations we have shown how atom motion in a sequence of thermal spikes generated by Ar 1-keV ion impact can explain the growth of Ag clusters in the Ar matrix. Furthermore, we have demonstrated that an interface boiling mechanism can explain why cluster emission occurs preferentially around a certain size range. We also developed an analytical model to describe the size dependence of the cluster emission to serve as a guide for the experimental studies. The model indicates that the most probable size of the emitted cluster depends on the balance of the deposited energy and the interface area. The mechanisms discussed in this paper are not specific for the Ag-Ar system only, and can be applied to a wide range of solid-phase gas-metal systems, and understanding these promises to contribute to the use of cluster beam sources for efficient technological applications.
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